A chronic inflammatory microenvironment favors tumor progression through molecular mechanisms that are still incompletely defined. In inflammation-induced skin cancers, IL-1 receptor-or caspase-1-deficient mice, or mice specifically deficient for the inflammasome adaptor protein ASC (apoptosis-associated specklike protein containing a CARD) in myeloid cells, had reduced tumor incidence, pointing to a role for IL-1 signaling and inflammasome activation in tumor development. However, mice fully deficient for ASC were not protected, and mice specifically deficient for ASC in keratinocytes developed more tumors than controls, suggesting that, in contrast to its proinflammatory role in myeloid cells, ASC acts as a tumor-suppressor in keratinocytes. Accordingly, ASC protein expression was lost in human cutaneous squamous cell carcinoma, but not in psoriatic skin lesions. Stimulation of primary mouse keratinocytes or the human keratinocyte cell line HaCaT with UVB induced an ASC-dependent phosphorylation of p53 and expression of p53 target genes. In HaCaT cells, ASC interacted with p53 at the endogenous level upon UVB irradiation. Thus, ASC in different tissues may influence tumor growth in opposite directions: it has a proinflammatory role in infiltrating cells that favors tumor development, but it also limits keratinocyte proliferation in response to noxious stimuli, possibly through p53 activation, which helps suppressing tumors.
epithelial skin cancer | interleukin-1 | innate immunity C ancer develops as a multistep process, driven by several genetic or environmental events, which can be subdivided into tumorinitiation, promotion, and progression (1) . Recent studies have provided evidence that inflammation can drive tumor development (2), either through defined infectious agents (3), environmental factors (4) , or an inflammatory microenvironment (5) . However, chronic inflammation does not necessarily confer an increased risk for the development of cancer (6) . Therefore, the molecular mechanisms converting tissue inflammation into a tumor-promoting microenvironment remain largely elusive.
Our immune system established innate detection systems that initiate inflammatory responses against microbes or danger signals (7) . One such group of detectors are large cytoplasmic protein complexes, termed inflammasomes (8) . Upon activation, inflammasomes oligomerize and recruit caspase-1 via the adaptor protein ASC (apoptosis-associated speck-like protein containing a CARD, also known as PYCARD or TMS1). Subsequently, caspase-1 is autoproteolytically activated, leading to the conversion of pro-IL-1β to its biologically active form (8) . Mature IL-1β is secreted and can initiate local or systemic inflammation via IL-1 receptor 1 (IL-1R1), resulting in the induction of proinflammatory cytokines (9) . Although IL-1β and the inflammasomes are wellcharacterized in host defense, their role in tumor responses is largely unexplored.
A recent report directly implicated inflammasome signaling in inflammation-induced colon cancer, because caspase-1-, ASC-, and NLRP3-(NLR family pyrin domain-containing protein 3) deficient mice show increased tumorigenesis (10) . Although a second study confirmed the protumorigenic function of caspase-1, it identified NLRC4 (NLR family CARD domain-containing protein 4, IPAF), rather than NLRP3, as the inflammasome responsible for increased tumorigenesis in this model of inflammation-induced colon cancer (11) . Furthermore, this study concluded that rather than changes in inflammation, increased epithelial cell proliferation drives tumorigenesis in those animals. Interestingly, NLRP3 and NLRC4 both use ASC as a common adaptor for the recruitment of caspase-1 to inflammasomes. Besides its function in IL-1β maturation, ASC was shown to be down-regulated in numerous human cancers, suggesting a role as a tumor-suppressor (12) (13) (14) (15) (16) (17) (18) .
Here, the function of ASC in tumor initiation or suppression in an inflammatory context was studied using conditional ASC knockout mice and a well-established model of chemically induced skin carcinogenesis (19) . We identified ASC as a driver of tumorigenesis when expressed in infiltrating myeloid cells, but as a tumor-suppressor when expressed in keratinocytes. In the latter cell type, ASC interacted with the tumor-suppressor p53 and favored its activation, in particular in response to UVB irradiation. Therefore, this study identifies opposing functions for ASC in tumor cells versus tumor infiltrating inflammatory cells, and characterizes the mechanism of ASC as a tumor-suppressor.
Results

IL-1R1
−/− and Caspase-1
, but Not ASC −/− Mice Are Partially Protected Against 7,12-Dimethylbenz(a)anthracene/12-O-Tetradecanoylphorbol-13-acetate-Induced Skin Cancer. To investigate the effects of IL-1 signaling on tumor induction and progression, we induced skin carcinogenesis in WT and IL-1R1 −/− mice using a protocol dependent on the induction of Ras mutations. In this two-step protocol, skin carcinogenesis was initiated with DMBA [7, anthracene] and promoted by repeated exposure to TPA (12-O-Tetradecanoylphorbol-13-acetate). Consistent with previously published data (20), we observed that tumor incidence and tumor number was dependent on IL-1 signaling, because IL-1R1 −/− mice in the BALB/c background had reduced tumor numbers and delayed tumor incidence compared with WT controls (Fig. 1A) . We next investigated the involvement of the pro-IL-1β-processing enzyme caspase-1, using mice in the C57BL/6 background and a lower DMBA dose, explaining the slower onset and lower number of tumors observed in this particular experiment. Compared with their WT controls, caspase-1-deficient mice [and caspase-11 knockout mice (21) ] showed a later onset and a lower incidence of tumors, and an overall smaller number of tumors per affected mouse (Fig. 1B) . These data are consistent with the hypothesis that an inflammasome-dependent production of IL-1β may favor epithelial skin cancer. Because ASC is the common adaptor required for caspase-1 activation in several inflammasomes (NLRP1, NLRP3, AIM2, and partially NLRC4 inflammasomes), we expected that ASC deletion would also confer some protection against skin tumors, which was, however, not the case: no significant differences were detected between ASC −/− mice and their littermate controls (Fig. 1C) . The absence of a phenotype in ASC −/− mice was also apparent by histological analysis of skin lesions, which showed a similar degree of apoptosis and myeloid cell infiltration in the tumors of WT and ASC −/− mice (Fig. S1 ). (12, 13) . We therefore wondered whether our results with ASC −/− mice could be explained by ASC having opposing effects in keratinocytes and in myeloid cells with regard to skin tumor development. To test this hypothesis, we generated mice carrying the ASC gene flanked by loxP sites (Fig.  S2 ) and bred them with transgenic mice expressing Cre recombinanse under the control of the keratin 14 or lysozyme M promoters to obtain keratinocyte-or myeloid cell-(monocytes, mature macrophages, and granulocytes) specific ASC knockout mice, respectively. As expected, ASC protein was not expressed in the epidermis of conditional ASC f/f K14-Cre + mice (thereafter coined K14-ASC −/− ), but normal expression was preserved in the dermis and in myeloid cells (Fig. 1D) ) specifically lacked ASC expression in bone marrow-derived macrophages, but not in bone marrow-derived dendritic cells and in the dermis and epidermis (Fig. 1D) . Interestingly, NLRP3 protein was readily detected in myeloid cells, but not in murine skin, confirming previously published results (22) , but caspase-1 was ubiquitously expressed (Fig. 1D ).
ASC Is a Tumor-Suppressor in Keratinocytes, but a Tumor-Promoter in Myeloid Cells. We used conditional ASC −/− mice to study how ASC expression in different cell types impacts on the development of epithelial skin cancer. LysM-ASC −/− mice with exclusive deletion of ASC in myeloid cells developed fewer tumors than their littermate controls (Fig. 1E) , reflecting the phenotype observed in IL-1R1
−/− and caspase-1 −/− mice. The onset of tumor formation in K14-ASC −/− mice was first delayed for a few weeks compared with controls, but thereafter tumors rapidly exceeded littermate controls in both incidence and number (Fig. 1F) . In an independent experiment, trials for ASC −/− , K14-ASC −/− , and LysM-ASC −/− were repeated with similar results (Fig. S3 A-C) . Moreover, a trial conducted using CD11c-ASC −/− animals showed no differences to WT controls, suggesting at best a minor role for dendritic cells in this model (Fig. S3D ). Taken together, these data indicate opposing effects of ASC expression in myeloid cells versus keratinocytes with regard to the development of epithelial skin tumors. This finding may explain the absence of a tumor phenotype in the complete ASC −/− mice, where the lack of tumor-suppressive functions of ASC in keratinocytes might be counterbalanced by the absence of ASC-dependent production of the tumor-promoting cytokine IL-1β by infiltrating myeloid cells.
ASC Controls Cytokine Production in the Tumor Environment. Data obtained with IL-1R1
−/− and caspase-1 −/− mice suggest that IL-1 signaling promotes tumor progression in this model. Therefore, the reduced incidence and tumor number in LysM-ASC −/− could be a result of decreased IL-1β production, and because of a general decrease in inflammation in the tumor environment. In healthy murine skin no cytokines were detected, with the exception of IL-1α, which is constitutively expressed in the epidermis. When cytokines were measured in tumor homogenates, LysM-ASC −/− tumors not only contained significantly less IL-1β, but also less of the proinflammatory cytokines IL-1α, TNF, and IL-6, the latter being a known target of IL-1R1 signaling (23) (Fig. 2A) . There was also more of the anti-inflammatory cytokine IL-10 ( Fig. 2A) , a negative regulator of IL-1α and IL-1β expression (24) . In contrast, none of the cytokines was significantly different between established tumors of K14-ASC −/− mice and their WT littermate controls (Fig. 2B ). We also confirmed by Western blot analysis that the reduction of IL-1β observed in LysM-ASC −/− tumors correlated with less pro-caspase-1 processing to its active form ( (E ) LysM-ASC −/− (littermate LysM-WT n = 9, LysM-ASC −/− n = 7) and (F ) K14-ASC −/− (littermate K14-WT n = 8, K14-ASC −/− n = 7) mice were treated with the DMBA/TPA protocol and tumors were monitored. Data are expressed as mean ± SEM, *P ≤ 0.05 , **P ≤ 0.01, ***P ≤ 0.001.
in established tumors originates from infiltrating myeloid cells rather than from resident keratinocytes. The findings also suggest that tumor promotion observed in K14-ASC −/− may not be the result of inflammasome deregulation, but rather relate to an inflammasome-independent function of ASC. ASC Regulates Keratinocyte Proliferation. As tumor formation results from an imbalance of proliferation versus cell death, we investigated these parameters in ASC −/− keratinocytes. The percentage of ASC −/− keratinocytes cultured in vitro that incorporated BrdU after 2 d in culture (45%) was higher than that of WT (25%) or NLRP3 −/− (25%) keratinocytes, although this difference did not reach significance ( Fig. 3 A and B) . Stimulations with the proinflammatory cytokine TNF, with the keratinocyte growth factor EGF, or with TPA, all increased keratinocyte proliferation in the different genotypes, but this was only significant for ASC-deficient cells (Fig. 3 A and B) , or for WT cells after 5 d of culture (Fig. S4) . The role of ASC in controlling proliferation must be inflammasome-independent, because caspase-1 −/− cells behaved like WT (Fig. S4) .
A BrdU-incorporation experiment was also performed in vivo. After periodic applications of TPA on the mouse ears, all mice developed an inflammatory ear swelling response at day 6, which was even more pronounced in ASC −/− mice compared with WT or NLRP3 −/− animals ( Fig. 3C ). Under these conditions, numerous BrdU + cells were present in the ear epidermis of WT, NLRP3
−/− , and ASC −/− mice, with a significant additional increase in ASC −/− mice ( Fig. 3 D and E) . Few BrdU + cells were detected in the ear epidermis of untreated mice of all genotypes (Fig. 3 D and E) . Apoptotic cell death in inflamed ear epidermis was low, as determined by TUNEL staining of the biopsies, with no detectable differences between genotypes (Fig. 3F) .
Taken together, these results indicate that ASC refrains keratinocyte proliferation both in vitro and in vivo, especially upon growth factor or inflammatory cytokine stimulation. The role of
LysM-Cre WB: ASC in homeostatic keratinocyte proliferation is probably minor, because ASC −/− mice display normal skin morphology.
ASC Is Down-Regulated in Primary Human Epithelial Skin Cancers, but
Not in Inflammatory Proliferative Skin Diseases. ASC expression is reduced in various tumors, such as malignant melanoma, breast or prostate cancers, and glioblastoma, but to our knowledge, no study has reported about ASC protein expression in cutaneous squamous cell carcinoma (SCC), the human equivalent of murine DMBA/TPA-induced skin cancers. We detected a robust ASC immunostaining in healthy human epidermis but almost no signal in four of four human SCC tumor samples (Fig. 4A) . Moreover, the loss of ASC expression was specific to the tumor and not a general feature of inflammation-induced epidermal hyperplasia, as psoriatic skin showed normal ASC expression (Fig. 4A) . Therefore, as seen in other types of tumors, there is a correlation between loss of ASC expression and deregulated cell numbers in SCCs.
Loss of ASC Correlates with Reduced UVB-Induced p53 Activation in Murine Skin. As the function of p53 is frequently lost in cutaneous epithelial skin cancers (25), we explored whether loss of ASC might reduce p53 activation. Healthy murine skin was irradiated ex vivo with UVB, a known inducer of p53 activation and a major risk factor for developing SCC. Phosphorylated p53 was detectable in skin from WT mice 5 h after UVB irradiation at 200 mJ/ cm 2 , and further increased at 500 mJ/cm 2 ( Fig. 4B) . In comparison, skin from ASC-deficient mice contained lower numbers of phospho-p53 + keratinocytes at both UVB doses (Fig. 4 B and C). These results indicate a possible link between ASC expression and p53 activation in response to UVB.
ASC Loss Reduces p53 Activation in Keratinocytes and Keratinocyte
Proliferation. The possible implication of ASC in p53 activation was further investigated in vitro. After exposure to UVB, p53 phosphorylation at serine 15 was reduced in ASC −/− primary keratinocytes despite unaltered p53 expression levels (Fig. 5A) . This finding correlated with reduced expression of p21 and Notch1, two known p53 target genes that were indeed not induced in UVB-irradated p53 −/− primary keratinocytes ( Fig. 5 A and B) . No differences in the phosphorylation of p53 and the induction of p21 and Notch1 were observed between WT and caspase-1 −/− primary keratinocytes (Fig. 5C) . Similar results were obtained in the human HaCaT keratinocyte cell line, where knockdown for ASC with a specific siRNA resulted in diminished p53 phosphorylation and p21 expression following UVB irradiation (Fig. 5 D  and E, and Fig. S5 ). In these cells, endogenous ASC transiently interacted with p53 following UVB irradiation, with maximal interaction at 30 min poststimulation (Fig. 5F ). Furthermore, ASC down-regulation increased HaCaT cell proliferation in the absence of stimuli (Fig. 5G) .
Taken together, these results reinforce the conclusion that ASC plays a role in p53 activation, and further indicates that ASC can refrain proliferation of cultured keratinocytes.
Discussion
It is currently accepted that chronic inflammation-and IL-1 signaling in particular-can lead to the initiation and progression of cancer, although the underlying mechanisms still need to be understood. In this study we addressed the role of ASC, an essential adaptor for several inflammasomes, in the formation of skin tumors.
Our experiments confirmed the involvement of IL-1R1 in a murine model of SCC. We also showed the involvement of caspase-1 in this process, suggesting that an inflammasome-dependent production of IL-1β favors tumorigenesis. This finding also raised the question of the origin of IL-1β, which in this model could be produced either by myeloid cell infiltrates or by tumor cells themselves, because keratinocytes can secrete active IL-1 and have been shown to contain functional inflammasomes (26) (27) (28) . Results obtained with tissue-specific ASC-deficient mice indicate that the main source of tumor-promoting IL-1 are infiltrating myeloid cells. Ablation of ASC in keratinocytes did not significantly alter the proinflammatory cytokine profile in tumor extracts and did not reduce tumor formation, suggesting no or a minor role for keratinocyte-derived IL-1 in this context: to the contrary, tumor growth was more pronounced in these mice.
K14-ASC −/− mice should theoretically either behave like WT mice if keratinocytes do not produce IL-1, or be protected if keratinocytes produce tumor-promoting IL-1. Mice deficient for ASC in keratinocytes showed a trend for protection at early time points, suggesting that keratinocyte-derived IL-1 might directly or indirectly contribute to tumorigenesis. However, the model in which proinflammatory cytokines promote tumor initiation or growth cannot readily explain the exacerbated tumor phenotype of these mice at later time points. We consider it unlikely that IL-1 produced by keratinocytes would protect skin from tumors (e.g., by specific recruitment of antitumor immunity at the site of production) because it does not fit with the kinetics of tumor development and would not explain why ASC −/− keratinocytes or ASC knocked-down HaCaT cells proliferate at higher rate in vitro. Our data rather support an alternative hypothesis in which ASC in keratinocytes serves to limit proliferation in response to various stimuli, in an inflammasome-independent manner. This model fits the original description of ASC as a tumor suppressor, silenced in many human cancers (29) . It also explains the discrepancy that we observed between caspase-1-deficient mice, which are protected, and ASC-deficient mice that are not because the beneficial impact of suppressing ASC and inflammasomes in myeloid cells is counter balanced by the detrimental effect of removing the tumor suppressor ASC in keratinocytes. In support of the hypothesis of an inflammasome-independent role of ASC, MAPK was recently shown to be regulated by ASC independently of other inflammasome components (30). We observed ASC-dependent regulation of keratinocyte proliferation both in vitro and in vivo. In contrast to previous findings, we did not observe differences in apoptosis caused by the absence of ASC. These previous studies were, however, largely depended on ectopically expressed ASC rather than on ASCdeficient cells (31) . Our data suggest that ASC may preferentially regulate the cell-cycle arrest function of p53 but not apoptosis, possibly by inducing specific p53 acetylations, which are known to differentially regulate p53 functions (32) .
Cutaneous epithelial skin cancers harbor a high frequency of p53 mutations (25) , and it has been suggested before, using overexpression systems, that ASC influences p53 activation (31) . Our finding that ASC interacts with p53 at the endogenous level to promote p53 target gene expression corroborates these data in more relevant systems and suggests that ASC may suppress tumors through p53 activation. This model is attractive because it could account for why ASC −/− mice have no detectable homeostatic skin defects yet show increased proliferation in vivo in response to inflammation, and possibly other stimuli like UVB, the major risk factor for the development of SCCs. It will be interesting to determine whether therapeutic restoration of p53 normalizes the effect of ASC deficiency, or whether ASC in keratinocytes functions through the activation of other functionally relevant targets. Another open question is the mechanism by which ASC gets activated in response to stimuli, and the nature of this activation.
Targeting ASC in cancers might be of therapeutic value. In blistering skin diseases, genetic reconstitution of the basement membrane component laminin 5 led to a localized correction of the disease (33), providing a proof-of-principle for ex vivo gene therapy for patients suffering from epidermal genetic defects. In this case, genetically corrected cells became functionally dominant over the endogenous mutated ones. Reconstitution of ASC in nonsurgically treatable SCCs might in principle be therapeutically useful if ASC down-regulation is required not only for the initiation phase of cancer development but also for its progression. Reconstituting ASC expression in all tumor cells will be challenging, if not impossible, and those cells that escape reconstitution will likely keep their transformed phenotype. However, as down-regulation of ASC in human tumors is a result of promoter methylation (34) , the use of demethylating drugs might be valuable for the treatment of SCCs and is likely to target a higher cell percentage than a gene therapy. For example, the DNA-demethylating agent azacitidine displays growth-inhibitory effects in hematological and epithelial human cancer cells (35) and was shown to reverse drug resistance in methylation-silenced ASC in bladder carcinoma (36) . It would be of interest to investigate whether these effects are related to ASC re-expression, and to assess whether ASC levels may be exploited as a biomarker of the biological activity of the drug.
In summary, our study identified two diametrically opposed functions of ASC thanks to the analysis of tissue-specific knockout mice. In myeloid cells, ASC is required for IL-1β production and serves as a tumor promoter, but in the tumor cells, ASC acts as a tumor suppressor. Our results provide further insight into how a single protein can, depending on its tissue-specific expression context, either function as tumor-promotor or a tumorsuppressor.
Materials and Methods
Reagents. Recombinant TNF was produced in house as described previously (37) . EGF was obtained from Invitrogen. Antibodies used for Western blotting were obtained from the following providers: antiphospho-p53 (Serine 15), antitubulin, anticaspase-3 (Cell Signaling), antiphospho-p53 (Serine 15) for histology (R&D Systems), anti-p53 (polyclonal antibody against fulllength human p53), anti-p21, anti-Notch1 (Santa Cruz Biotechnologies), anti-ASC, anti-NLRP3 (Adipogen), anticaspase-1 (a kind gift from P. Vandenabeele, Ghent University, Ghent, Belgium), antilamin B, anti-BrdU (AbCam), anti-ASC (Merck Millipore), IgG1 (BD Biosciences), and DyLight 549-conjugated goat anti-rat IgG (Jackson Immuno Research Laboratories). ELISA kits were as follows: IL-1α (R&D Sytems), IL-1β, TNF, IL-6, and IL-10 (eBioscience). Two-Step Carcinogenesis. Skin tumors were generated in a two-step initiationpromotion protocol, as described previously (19, 42) (SI Materials and Methods).
Skin Inflammation Assay. TPA (10 nmol in DMSO, 10 μL acetone) was applied on both sides of the ear on days 0, 2, and 4. Ear thicknesses were measured with a caliper (Mitutoyo). On day 5, mice received 500 μg of BrdU intraperitoneally and were killed 24 h later. Histological detection of BrdU in paraffin skin sections was performed as previously published (43). Cytokine Analysis from Tumor Tissue. Snap-frozen tumor tissue was weighed, and homogenized on ice for 30 s in HBSS at a ratio of 0.1 g:1 mL (wt/vol) using a tissue homogenizer (Qiagen). The homogenate was centrifuged and cytokines were detected in the supernatant with ELISA kits, according to the manufacturer's instructions.
Preparation of Primary Murine Cells. Primary adult murine tail epidermal keratinocytes and dermal fibroblasts, as well as bone marrow-derived macrophages and dendritic cells, were isolated from adult mice according to standard procedures (SI Materials and Methods).
In Vitro Proliferation Assays and BrdU Stainings. Freshly isolated keratinocytes were plated at a confluency of 50%. Cells were cultured for 2 d at 37°C, 5% CO 2 , in the presence or absence of 100 μM M TPA, 100 ng/mL TNF or 100 ng/mL EGF. siRNA Knockdown. Transient transfection of siRNA (Ambion) (sequence of ASC siRNA: 5′-GCUCUUCAGUUUCACACCATT-3′) was performed using the DNAcalcium phosphate precipitation method. Control siRNA (AllStar Negative Control siRNA) was obtained from Qiagen. HaCaT cells were plated at 500,000 cells per well in six-wells plates and cultured for 24 h in DMEM:F-12 (1:1) + GlutaMAX supplemented with 5% FCS. Cells were transfected, left overnight, washed with media, and transfected a second time. Most efficient knockdown was achieved 72 h after the first transfection, at which time-point cells were exposed to 50 mJ/cm 2 UVB using the UV Stratalinker 2400.
Immunoprecipitation. For immunoprecipitation 1 × 10 7 HaCaT cells were lyzed in 500 μL of 50 mM Tris•HCl, pH 7.8, 150 mM NaCl, 0.1% Nonidet-P40, 5 mM EDTA, and 10% glycerol. Endogenous ASC was immunoprecipitated with 1 μg of rabbit anti-ASC antibody using Protein G-Sepharose beads and interaction of ASC with p53 was assessed by immunoblot.
UVB Radiation of Murine Skin. The back of the mice were shaved 1 d before irradiation. Mice were killed and immediately irradiated with 200 mJ/cm 2 or 500 mJ/cm 2 UVB. The shaved skin was excised and incubated in DMEM containing 10% FCS for 5 h at 37°C, 5% CO 2 . For histological analysis, tissues were fixed with 4% paraformaldehyde in PBS, pH 7.4, and then embedded in paraffin.
Immunohistochemistry. Immunohistochemistry was performed according to standard procedures (SI Materials and Methods).
Statistical Analysis. Data are represented as mean ± SEM. Statistical significance was determined by Student t test and two-way ANOVA. P < 0.05 was considered statistically significant.
